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Monospecific polyclonal antisera against the 16 kDa and the 18 kDa polypeptides II and I from the CF, moiety of the 
photosynthetic ATP-synthase in spinach were produced. Inhibition, agglutination and absorption experiments were com- 
bined with quantitative determinations in ELISA of residual antibodies and of amounts of CF, and CF,. It follows that 
subunits CF,II and CF,,I are membrane anchored, extend into the matrix space, and are partially shielded underneath 
or within CF,. These results on the structure suggest that CF,II and CF,,I are homologous to each other, and in function 
both homologous to E. coli F,b; thus CF,,II together with CF,I would be part of the ‘stalk’. 
Antibody; Coupling factor; Photophosphorylation; Quaternary structure; Stalk 
1. INTRODUCTION 
In higher plant chloroplasts protons are con- 
ducted across the thylakoid membrane through the 
CFo moiety of the photosynthetic ATP-synthase. 
CFo contains four different polypeptides [l-3]; 
subunits IV, I and III are chloroplast encoded and 
sequenced [ 1,2], polypeptide II is nuclear encoded, 
imported as a precursor [4] and partially sequenced 
[S]. Homologies in sequence and hydropathy sug- 
gest that subunit CFOIV corresponds to Foa, CFOI 
to Fob and CF0111 to FOC of the E. coli ATPase 
[ 1,2]. The hydropathy analysis indicates one mem- 
brane span and an extension of the protein into an 
aqueous space for CFOI [6]; thus it would be 
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suitable to build part of the ‘stalk’, but no 
biochemical results support this notion until now 
for chloroplasts. 
Subunit CFOII seemed to be unique to the 
chloroplast ATP-synthase, since no corresponding 
subunit exists in the E. coli FoFi complex. It was 
discussed to have the function of an organizer 
subunit, preventing dissociation of the multiple 
copies of CFoIII [2,7]. However, we found 16% se- 
quence homology in the 32 N-terminal residues of 
the mature protein CFOII [5] to E. coli Fob [8] and 
41% to open reading frames of cyanobacteria [9], 
called Fob ’ . 
In this letter we describe the reaction of 
monospecific antisera against both the 16 kDa CFo 
subunit II and the 18 kDa CFo subunit I with their 
epitopes in situ, i.e. on the surface of the CFoCFr 
complex on the thylakoid membrane; inhibition, 
agglutination and absorption experiments are com- 
bined with quantitative determination in ELISA of 
residual antibodies. We show that CFOII and CFOI 
are anchored in the thylakoid and both extend to 
a large degree at the matrix side. Part of this expos- 
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ed surface of both CFoII and CFOI disappears upon 
CFi binding. 
3.2. Immunochemical localization of polypeptides 
CFOII and CFOI 
The data suggest hat both CFoII and CFOI par- 
ticipate in CFi binding, and build part of the struc- 
ture between the thylakoid membrane and CFi, 
visualized by electron microscopy [ 10,111. 
3.2.1. Inhibition of PMS-mediated cyclic photo- 
phosphorylation 
2. MATERIALS AND METHODS 
Preparation of CFr, protein and chlorophyll determination, 
SDS-polyacrylamide gel electrophoresis, immunization, ag- 
glutination, Western immunoblot, immuno-decoration with 
peroxidase conjugated 2nd antibodies and inhibition of PMS- 
mediated cyclic photophosphorylation by antisera were carried 
out according to standard procedures as described in [12,13]. 
ELISA [14] was done with horseradish-peroxidase conjugated 
goat anti (rabbit IgG, IgM) (BioRad) and measuring the oxida- 
tion of o-phenylene diamine at 450 nm; 100 ~1 of antigen, about 
0.1 pg, were bound to each well of the microtiter plates (Falcon 
3912, Becton Dickinson). 
The antiserum 278 against CFoII inhibited the 
PMS-mediated cyclic photophosphorylation up to 
25% (75 pl/lO gg chl) (titration not shown). Since 
the incubation with antibodies was done at 
physiological salt concentrations, the thylakoid 
systems were not swollen any more; therefore we 
did not expect a higher degree of inhibition. 
3.2.2. Agglutination of thylakoid suspensions by 
sera 278 and 3 13 
Thylakoid systems from spinach leaves were prepared, 
treated with EDTA, pH 7.4, and reconstituted with CFr as 
described [13,15]; both membrane preparations were 
resuspended in sTN (0.1 M sucrose; 20 mM Tricine-NaOH, pH 
7.8; 10 mM NaCI). The removal of excess CFr by washing was 
monitored by ELISA. 
The accessibility to antibodies, i.e. the exposure 
of CFO subunits in situ, was further demonstrated 
by agglutination of suspensions of isolated 
thylakoids. When CFi had been resolved by EDTA 
from membrane bound CFo, the agglutination titer 
was much increased for both antisera. Thus upon 
EDTA treatment CFOII and CFOI remain attached 
to the membrane. 
3. RESULTS 
3.2.3. Distinction between exposed and shielded 
epitopes on CFoII and CFOI by quantitative 
absorption analysis 
First the antisera 278 against CFOII and 313 
3.1. Production and analysis of antisera against 
CFOII and CFOI 
For the isolation of CFoCFi from washed 
thylakoids the detergent Triton X-100 can be used 
[ 161, replacing octylglucoside [ 171. Then CFoCFi 
samples were separated on preparative SDS gels: 
The band at 18 kDa was electroeluted from a 
13.5% gel, the 16 kDa band had to be 
rechromatographed on SDS gels containing 2.5 M 
urea before electroelution [ 181. 
For immunization lOO-3OOrg of protein, 
homogeneous on SDS gels, were injected into rab- 
bits [12]; antiserum 278 against CFOII and an- 
tiserum 313 against CFoI were produced. 
against CFOI were absorbed with different amounts 
of isolated thylakoids or EDTA-treated thy- 
lakoids, and the supernatants analyzed for re- 
maining antibodies by ELISA. The quantitative 
determination was carried out with CFoCFi as an- 
tigen, which was partially dissociated by 1% Na- 
cholate and precipitated with 250 mg/ml 
(NH&S04, suspended in buffer and diluted for 
coating in 50 mM Na-carbonate, pH 10.6. The use 
of partially dissociated CFoCFi allows access of 
antibodies also to epitopes possibly shielded in the 
complex. (CFoCFi is dissociated after this treat- 
ment, because a monoclonal antibody, 39D5, 
which does not react without dissociation [19], is 
bound to its epitope on CFiS.) 
The specificity of the antisera was tested in Thylakoids absorbed antibodies from both sera 
Western immunoblots with isolated CFi, isolated (table 1). The results indicate that the specific dif- 
CFoCFi or thylakoids, and in ELISA with CFi, ferences are partially due to differences in titer of 
CFoCFi and electroeluted polypeptides II, I and 6. precipitating antibodies, but also to differences in 
Both antisera were monospecific in all tests, except the number of epitopes exposed on the surface of 
for a slight crossreaction of serum 278 with elec- CFoCFl in situ. The absorption capacity of the 
troeluted CFOI in ELISA (about 6% of A450~ ob- thylakoids increased by the EDTA treatment, in 
tained with CFoII). the case of serum 278 against CFOII even more than 
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Table 1 
Quantitative determinations by ELBA of residual antibodies in 
antiserum 278 against CFoII and antiserum 313 against CFoI, 
after absorption with isolated thylakoids (T) and EDTA-treated 
thylakoids (E) 
Absorption with Residual amounts (Vo) of antibodies 
in absorbed antisera 
278 313 
T 75 g chl/ml 62 52 
E 75 g chl/ml 27 39 
T 225 g chl/ml 44 36 
E 225 g chl/ml 13 26 
The initial serum dilutions in 10 mM phosphate buffer, pH 7.4, 
150 mM NaCI, were chosen to give an ALSO,,,,, between 0.8 and 
1.5 after 12 min development. The respective diluted sera were 
incubated, 1: 1, with membranes, as indicated, for 30 min at 
room temperature, spun down, and the supernatants analyzed. 
The A values are calculated in Vo of the A of the respective 
antisera, after dilution and incubation in the suspension buffer 
sTN 
for serum 3 13 against CFOI. (An antiserum against 
bovine serum albumin was not absorbed by 
thylakoids.) 
EDTA treatment seems to expose epitopes on 
CFOII and on CFOI of a new quality, previously 
shielded by CFi, but may also allow antibody ac- 
cess to more epitopes of the same kind, exposed at 
the matrix side but inaccessible to added antibodies 
due to the morphology of unswollen thylakoid 
systems. Therefore the absorption analysis was 
repeated with thylakoids after EDTA treatment 
and reconstitution with CFi (fig.1). EDTA mem- 
branes absorbed less anti a antibodies, used as a 
control in this experiment, than thylakoids, and in- 
creased this capacity gradually upon reconstitution 
with CFi, whereas EDTA membranes absorbed 
more anti CFOII and anti CFOI than thylakoids, 
and lose this capacity upon reconstitution with 
CFi. 
We conclude that there are two types of epitopes 
on CFOII and on CFOI, one type which is always ac- 
cessible to antibodies on the surface of the quater- 
nary structure of CFoCFi on the membrane, and 
another type which becomes shielded by CFi 
binding. 
4. DISCUSSION 
ATP-synthases, which conserve part of the 
60 
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Fig-l. Quantitative determination by ELBA of residual 
antibodies in the antisera 278 against CFOII, antiserum 313 
against CFoI and antiserum 250 against CFrcu. (The sera were 
absorbed 1: 1 with EDTA-treated thylakoids (0.1 mg chl/ml 
final cont.), which had been reconstituted with CFi; 90 pg chl 
were incubated with the indicated amounts of CFr; excess CF, 
was removed.) The A values are calculated in percent of the A 
values of each antiserum after absorption with the same amount 
of untreated thylakoids. (0) Antiserum 278 after absorption, 
1:15000; (*) antiserum 313, 1: 1500; (w) antiserum 250, 
1: 15000. 
energy of photosynthetic or oxidative electron 
transport across coupling membranes, are very 
similar in prokaryotic organisms, chloroplasts and 
mitochondria. The subunit composition of E. coli 
FO seems clear (a, b2, COO-12), whereas the 
chloroplast CFO consists of four different subunits 
(IV, I, II, III6-IO) [I,2,91. 
In this publication we have produced and used 
monospecific antisera against CFOI and against 
CFOII, which seemed to be an additional subunit of 
the chloroplast ATP-synthase complex. The quan- 
titative immunochemical data allow the following 
statements. 
(9 
(ii) 
(iii) 
Polypeptide CFOII of an apparent molecular 
mass of 16 kDa is immunologically not related 
to any other thylakoid protein, especially not 
a degradation product of another thylakoid 
polypeptide. 
Polypeptides CFOII and CFOI stay membrane 
bound after EDTA treatment; also after NaBr 
treatment (data not shown). 
Polypeptides CFOII and CFO are accessible to 
antibodies in situ, i.e. exposed at least partial- 
ly at the matrix side of the thylakoid. 
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(iv) Polypeptides CFoII and CFoI are partially 
shielded by CF1, because they are not acces- 
sible to specific antibodies before CF1 removal 
or after CF~ rebinding. 
Thus the topography of  CFoII suggests that 
CFoII participates in CF1 binding. 
A hydropathy analysis of  the 32 N-terminal 
residues of  CFoII, sequenced by us [5], indicates 
that the N-terminal stretch could span the mem- 
brane, similar to the suggestion for CFoI [6]. It has 
been concluded, that subunit Fob and CFoI are 
identical in secondary structure, topographical 
location and function in the diverse ATP-synthase 
complexes [1,2,6,8,9]. In the case of  E. coli the 
topography has been analyzed with biochemical 
methods, antibodies, proteases, crosslinking and 
labels (for review see [20]). The two copies of  Fob 
are suggested to be anchored in the membrane, but 
to extend into the cytosolic space for about 75 A 
and to penetrate into F1. 
For chloroplasts several crosslinking products 
and immunological affinities have been identified 
[21,22]. We have indications of  a strong affinity of  
CFolI to CF~E and of  CFoI to CF~8 (Otto, J., un- 
published). 
The gene encoding for subunit b was duplicated 
during evolution of  cyanobacteria to yield the open 
reading frames Fob and b '  [12]. We speculate that 
the cyanobacterial Fob developed into CFoI, and 
Fob' into CFoII, to optimize further protein in- 
teractions within CFoCF~. 
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